Combining luminescent transition metal complex (LTMC) with super-resolution microscopy is 18 an excellent strategy for the long-term visualization of the dynamics of subcellular structures in living 19 cells. However, it remains unclear whether iridium(III) complexes are applicable for a particular type of 20 super-resolution technique, structured illumination microscopy (SIM), to image subcellular structures. 21 2
Introduction
Highly mobile and dynamic in living cells, mitochondria are the energy-generating organelles of cells 1, 2, 32 3 , the disorder of which is associated with various diseases, including Alzheimer's, Parkinson's, and 33 cancer 4, 5 . Recently developed super-resolution fluorescence microscopies such as stimulated emission 34 deletion (STED) 6, 7, 8 , structured illumination microscopy (SIM) 9, 10, 11 , and stochastic optical 35 reconstruction microscopy (STORM) 12, 13, 14 , as well as other single-molecule super-resolution imaging 36 techniques 15, 16, 17 , are enhanced new tools for investigating the dynamics of subcellular structures, 37 including mitochondria. At the same time, they have also added to the requirements of fluorescent dyes, 38 which need especially low cytotoxicity and high photostability to make imaging living cells possible. 39 Currently, imaging subcellular structures relies upon fluorescent proteins 18, 19 , organic dyes 20 , and 40 quantum dots 21 ; however, none of those dyes are suitable for tracking the dynamics of subcellular 41 structures due to their poor photostability and vulnerability to photobleaching 22 . Studies have shown that 42 using luminescent transition metal complexes (LTMCs) 23, 24, 25, 26 , including Ru, Re, Pt, Au, and Zn, is an 43 excellent alternative strategy that can overcome those drawbacks. For example, to image mitochondria, 44 Tang et al. reported a Zn(II) complex dye whose fluorescence intensity decayed to 10% after a short 45 period of continuous scan under STORM 27 . More recently, the lab of Jim A. Thomas developed a Ru(II) 46 complex dye with extreme photostability, large Stokes shift and subcellular targeting to image nuclear 47 chromatin and mitochondria at a resolution of less than 50 nm under STED 28 . However, it remains 48 unclear whether third-row LTMC dyes are applicable with SIM to image the dynamics of subcellular 49 structures. 50 51 4 Among LTMC dyes, iridium(III) complexes are the most attractive candidate for bioimaging 52 applications due to their high phosphorescent quantum yield at room temperature, high penetration and 53 emission spectrum that can be extended to near-infrared areas, excellent photochemical and 54 physicochemical stability that allows for long-term imaging, high biological safety, and low 55 cytotoxicity 4, 29 . Those unique structures and photophysical properties make it possible to develop 56 innovative bioimaging applications based on phosphorescence.
58
As described herein, we developed a small molecule dye based on iridium(III) complex for tracking 59 mitochondrial dynamics under a SIM for the first time. The dye not only has exceptional cell 60 permeability, light stability and mitochondrial specificity but can also allow the observation of 61 mitochondria at up to 80-nm resolution in living cells under SIM. Moreover, the dye permits the clear 62 observation of the structure of mitochondrial cristae, as well as the recording of dynamic approach and 63 separation processes of mitochondria. We applied the dye to monitor fusion involved in mitophagy and 64 mitochondria-lysosome contact (MLC) in living cells and found that five receptors, p62, NDP52, OPTN, 65 NBR1, and TAX1BP1, for mitophagy played no role in regulating MLC upon stimulation. Our findings 66 thus illustrate a novel perspective for using LTMC dyes such as iridium(III) complexes to image the 67 dynamic processes of subcellular structures in living cells under SIM.
69

Results
70
Synthesis and optical characterization 71 First, we designed and synthesized an iridium(III) complex dye with a molecular weight of 970 Da to 72 5 specifically image mitochondria in living cells under SIM (Fig. 1a ). The main synthesis reaction route 73 consisted of three major steps (Fig. 1b) , and the characterizations with electrospray mass spectrometry 74 and nuclear magnetic resonance spectroscopy appear in Supplementary Fig. 1-3 . The dye had higher 75 phosphorescence at a wavelength of approximately 700 nm and different optical phosphorescence 76 characteristics in phosphate-buffered saline at pH 4-10 ( Fig. 1c-d 91 To investigate the cell permeability of the dye in living cells, concentrations of dye ranging from 0.1 to 92 50 μM were incubated with HeLa cells for 30 min prior to observation under a fluorescence microscope. 93 6 We observed high phosphorescence accumulation, and even nuclei were stained when cells were 94 exposed to dye at concentrations of 5-50 μM, whereas at concentrations of 0.1, 0.25, and 0.5 μM, 95 phosphorescence intensity was too low to be visible ( Supplementary Fig. 5 ). Taking both into 96 consideration, we determined that the dye at concentrations of 1 and 2.5 μM could be used to image 97 mitochondria well. 98 99 Next, we used flow cytometry to quantitatively analyze the cellular uptake of the dye (Supplementary 100 Fig. 6 ). Results indicated that when the cells were exposed to dye at concentrations greater than 5.0 μM, 101 the cells took up excessive dye, whereas at a concentration less than 2.5 μM, the cellular uptake of the 102 dye gradually decreased in a dose-dependent manner. Thereafter, we evaluated the cytotoxicity of the 103 dye at concentrations of 0.1-50 μM during different durations of incubation using a CCK-8 assay 104 ( Supplementary Fig. 7 ). Under continuous 12-hour co-culture, results revealed no significant differences 105 in cell viability between the control group and the groups treated with the dye at concentrations of less 106 than 10 μM. 107 108 Although it is feasible to observe and record dynamic progresses at the cellular level with confocal 109 optical fluorescence microscopy, it is difficult to distinguish subcellular structures at resolutions less 110 than 200 nm due to the Abbe diffraction limit 4, 31, 32 . In response to that problem, after clarifying our 111 dye's cell permeability, high specificity, and low cytotoxicity, we investigated differences between the 112 dye imaging of mitochondria under confocal microscopy and SIM ( Supplementary Fig. 8 , 113 Supplementary Movies 1 & 2). To avoid the potential cytotoxicity of high-concentration dyes, we 114 7 selected 0.5, 1, 2.5, and 5 μM as experimental concentrations. Results revealed that the dye had a low 115 phosphorescence background in confocal microscopy and SIM, as well as that the resolution of the dye 116 at a 1 μM concentration was superior to those at 0.5, 2.5, and 0.5 μM concentrations ( Supplementary Fig.   117 8c, f, i, l). When concentrations exceeded 1 μM, a large amount of the dye was taken up by the cells, 118 which caused strong phosphorescence ( Supplementary Fig. 8a-f ) that did not meet the requirement for 119 imaging mitochondria at the nanoscale level. By contrast, when the concentration was less than 1 μM, 120 less dye was taken up by the cells, which resulted in weak phosphorescence due to which not even 121 mitochondrial morphology was visible ( Supplementary Fig. 8i , j). Therefore, we chose 1 μM as an 122 optimal concentration for further study. 123 124 To investigate the photostability and penetration depth of the dye at 1 μM for imaging mitochondria in 125 living cells under SIM, we recorded a single mitochondrion image at every 0.2 μm of depth ( Fig. 1e ). 126 Results indicated that the dye had uniform tissue permeability at different depths in living cells. The 127 photobleaching properties of the dye directly affected the monitoring of mitochondrial dynamic 128 processes 33, 34 . Next, we performed a long-term continuous laser (165 s) to stimulate cells in order to 129 monitor the photostability of the dye in the same section of the cell (Fig. 1f ). We found that the dye had Fig. 2a , results revealed that after cell incubation with the dye for 30 min, 139 intracellular mitochondria showed spherical, rod-shaped, or filamentous particles approximately 2.0 μm 140 long ( Fig. 2c-2 ) and approximately 0.7 μm wide ( Fig. 2c-3) , which is consistent with normal 141 mitochondrial volume in HeLa cells (width: 0.5-1.0 μm, length: 1.5-3.0 μm). The lamellar cristae in 142 mitochondrial were also visible using the dye-cristae thickness was approximately 105 nm ( Fig. 2b , 143 Supplementary Fig. 9 )-and the dye could be evenly distributed on mitochondria (Fig. 2d,   144 Supplementary Movie 3), which suggests that it can be located on the mitochondrial membrane and have 145 high specificity. To further clarify the resolution of the dye for imaging mitochondria, we obtained a 146 full-width at the half-maximum (FWHM) up to 80 nm under SIM ( Fig. 2e-f Mitochondria rank among the most dynamic organelles in cells 34 , and understanding their dynamic 152 processes is important for analyzing the causes of many diseases 37 . Therefore, a strategy for visualizing 153 the dynamics of mitochondria at nanoscale has important implications for understanding 154 mitochondria-related diseases. With that goal in mind, we recorded the process of mitochondrial 155 dynamics using our dye after incubating it in live cells for 30 min (Fig. 3, Supplementary Movie 4) . We 156 9 observed that two mitochondria ( Fig. 3d-f , red arrow) maintained a distance of approximately 0.6 μm in 157 Frame 1 (Fig. 3b-1 ) and gradually approached each other in Frames 1 and 2 ( Fig. 3b , e, f). We also 158 observed the separation process of mitochondria, particularly the gradual disintegration from an intact 159 mitochondria (Fig. 3c , g-i, blue arrows), which suggests that our dye can be used to study the dynamic 160 changes such as fusion and fission of mitochondria. lysosomes, we used our dye together with commercial LysoTracker Green to label lysosomes in 167 mammalian cells. We confirmed that mitochondria and lysosomes were close to each other to form MLC, 168 similar to what has been previously reported 38 . We observed that MLC events were normal in wild-type 169 (WT) cells ( Fig. 4a-f , Supplementary Movie 5-7), but did not observe fusion. Moreover, we found two 170 types of MLCs (Fig. 4c ), point contact with limited overlap (Fig. 4d ) and extended contact showing an 171 elongated contact surface (Fig. 4e) . CCCP to treat cells and staining with our dye and LysoTracker Green, we found MLC events including 189 2-3 faint yellow spots for point MLC throughout the cells (Fig. 5a-c, Supplementary Movie 9) . In 190 addition, we recorded the evolution of an MLC event ( Fig. 5d-e, Supplementary Movie 10) , in which a 191 mitochondrion and a lysosome underwent approach, contact, and separation. Meanwhile, fusion event 192 involved in mitophagy in Penta KO HeLa cells (Fig. 5a ) was disappeared compared to what was found 193 in the WT HeLa cells (Fig. 4g) . To that end, we performed a controlled experiment in which Penta KO 194 HeLa cells did not receive CCCP treatment. We detected no significant change of MLC events in Penta 195 KO cells (Fig. 5g, Supplementary Movie 11) , which indicates that fusion between mitochondria and 196 lysosomes are independent to MLC. Again, our dye can be used to monitor MLC events in living cells. 
Characterization of the iridium(III) complex dye in living cells
Quantitative analysis of the interaction between mitochondria and lysosomes 199
To quantitatively assess the distance changes between mitochondria and lysosome under different 200 conditions, we propose a Di-value driven from FWHM by the calculation formula shown in Fig. 6a . 201 FWHM refers to the full width of the image at half-maximum value and is a direct indicator of the 202 resolution. We then apply the Di-value to quantify the distance change between mitochondria and 203 lysosomes under different conditions. We first calculated the Di value (0.884 ± 0.116, n = 10) in 204 untreated WT cells for MLC events. We then analyzed the Di value of WT cells treated with CCCP. We 205 found a much lower Di value (0.146 ± 0.118, n = 10) for fusion events, indicating a significant 206 difference upon stimulation (Fig. 6b ). For Penta KO cells with or without CCCP, no significant 207 difference in Di values was observed (1.123 ± 0.176 vs 1.128 ± 0.140, n = 10) (Fig. 6c ). 62, 164.55, 162.30, 156.57, 154.36, 153.18, 152.99, 152.87, 152.81, 152.68, 269 148.37, 146.82, 144.41, 143.47, 140.06, 139.90, 139.85, 130.62, 130.59, 129.97, 129.88, 129.80, 270 129.17, 128.66, 127.15, 127.01, 125.14, 125.01, 123.74, 122.98, 122.02, 120.63, 26.14, 26 Cell viability and cytotoxicity assay 288 Cells were treated in a 96-well plate at density of 5 × 10 5 cell/ml. The viability was determined by using 289 a cell counting kit-8 (CCK-8). 10 μl CCK-8 solution was added to each well and the OD value for each 290 well was read at wavelength 450 nm on a microplate reader (Multiskan, Thermo, USA).
292
Flow cytometry analysis 293 Cells were seeded on 6-well plate at density of 1 × 10 5 cell/ml in 1 ml of complete medium for 24 h. 294 After treatment with iridium(III) complex dye (0.1, 0.25, 0.5, 1, 2.5, 5, 10, 25, and 50 μM) for 30 min, 
